Convective structures characterized by E Â B motion are observed in a dipole-confined plasma. Particle transport rates are calculated from density dynamics obtained from multipoint measurements and the reconstructed electrostatic potential. The calculated transport rates determined from the largescale dynamics and local probe measurements agree in magnitude, show intermittency, and indicate that the particle transport is dominated by large-scale convective structures.
The transport of particles, energy, and momentum induced by plasma instabilities determines confinement in magnetic fusion systems. Confinement systems based on a levitated magnetic dipole have been proposed as an alternate path to a fusion reactor due to their relative simplicity and macroscopic stability [1, 2] . One key question to be answered about the dipole configuration is whether it has adequate confinement. While drift-resonant transport of energetic particles is understood in dipole geometry [3, 4] , the transport of thermal plasma confined by a dipole magnet has not been explored in detail. Theoretical and numerical investigations predict the formation of largescale interchange vortices [5] , making plasma transport in the dipole geometry convective. Convective cells have been previously identified in a magnetic trap with a purely toroidal field [6] , in a multipole [7] , and in a dipoleconfined plasma driven by strong rotation [8] or by sustained microwave heating [9] .
In this Letter, we report on the first measurement of plasma transport induced by large-scale convective structures in a dipole-confined plasma. An array of 96 retardinggrid particle collectors [10] is biased to image the polar ion current density, and high-speed records of the polar current distribution are used to compute both the instantaneous and time-averaged radial particle flux. We find instantaneous transport occurs in intermittent bursts caused by modulation of density perturbations induced by the time-evolution of the electrostatic potential structure. The large-scale potential appears with closed streamlines that sometimes encircle density perturbations, and cause no transport, and at other times drive bursts of radial transport. Local particle transport measured with Langmuir probes show the same time-averaged flux as the multipoint measurement and also show intermittency, indicating that large-scale convective structures dominate interchange particle transport in a dipole-confined plasma.
We have previously reported observations of the structures of interchange turbulence in a dipole-confined plasma [9] . Turbulent interchange-mode fluctuations are dominated by long wavelength modes with amplitudes which vary chaotically in time, appear in the lab frame at low-frequencies, f < 10 kHz, and have relatively short turbulent correlation times, 50-100 s. The potential fluctuations are dominated by two quasicoherent modes that rotate in the lab frame between 1-2 kHz and have azimuthal mode numbers m ¼ 1 and 2. The density perturbations rotate in the same direction as the potential and possess dominant azimuthal modes number up to m ¼ 4. Both density and potential perturbations are flute-modes, aligned with a constant phase along magnetic field lines.
All measurements were obtained using the Collisionless Terrella Experiment (CTX) device, described previously [8] [9] [10] . Quasisteady turbulent plasma are sustained with electron cyclotron heating (ECRH) of a hydrogen plasma confined by a strong dipole electromagnet that is mechanically supported inside a 1.4 m diameter vacuum vessel. At the poles, the magnetic field strength exceeds 1.5 T, and all fieldlines terminate on insulating surfaces. Figure 1 and potential fluctuations are measured locally with movable probes and across the entire plasma confinement region with 96 retarding-grid particle collectors located at one magnetic pole [10] . Data records lasting up to 0.5 s are samples at rates up to 1 Msamples=s. We interpret the ion saturation current to the probes to be proportional to plasma density, and we interpret floating potential fluctuations to be proportional to the electrostatic potential. The ion current collected by each of the retarding-grid detectors of the polar imager is proportional to total ion endloss due to the ionneutral and ion-ion collision rate. For the discharges reported here, the sum of the ion scattering rates is approximately uniform throughout the plasma so that the polar current is proportional to the number of particles in a flux tube, N ¼ hniV, with V equal to the flux-tube volume linked to the polar detector.
As shown previously [8] [9] [10] , low-frequency electrostatic potential fluctuations in CTX are constant along a fieldline, B Á rÈ ¼ 0. The electrostatic potential is twodimensional and parametrized by coordinates that label fieldlines: the magnetic flux, c , or the equatorial radius, L / 1=c , and the azimuthal angle, '. Èðc ; '; tÞ varies in space from fieldline to fieldline. Measurements show plasma density fluctuations are also two-dimensional. Figure 2 shows the ensemble-averaged cross correlation between one Langmuir probe and a three polar ion current collectors. Although the probe area is more than an order of magnitude smaller than the size of the flux tube measured by the polar collector, we find the local ion saturation current fluctuations are strongly correlated with the fluxtube polar current as expected for interchange motion.
For the conditions reported here, the time-averaged density (as measured by both the polar imager and a movable Langmuir probe) has a radial profile that is slightly steeper than a profile having a uniform N, but less steep than the profile previously used to excite centrifugally driven interchange instabilities [8] . A density profile with hni / 1=VðLÞ $ L À4 [ Fig. 3 ] corresponds to a uniform number of particles in a flux tube, which is the marginal stability profile for rotationally driven interchange modes in a dipole plasma [11] , and the stationary profile resulting from turbulent interchange mixing [2, 12] .
Weak variations from this marginally stable density profile and pressure gradients created from plasma heating excite instabilities that can grow to become large-scale convective cells [5, 12, 13] .
Measurement of large-scale flux-tube convection requires the simultaneous measurement of the plasma ion density and potential structures. Methods have been used to parametrize the outward motion of plasma ''blobs'' in toroidal devices, and these require either long-time statistics, an identification algorithm to monitor and track blob motion, or optical velocimetry [6, [14] [15] [16] [17] [18] [19] [20] [21] . The method used for this study is the numerical inversion of the continuity of plasma-filled magnetic flux tubes. High-speed multipoint measurements of the density evolution allows reconstruction of the electrostatic potential structure from the spatial distribution and temporal evolution of the plasma density perturbations. The potential serves as the stream function for plasma interchange motion.
In these discharges, microwaves heat only the electrons, T e ) T i , and the plasma beta is relatively low, % 2 0 nT e =B 2 $ 10 À3 ( 1. As seen previously [8] [9] [10] , interchange modes do not create significant parallel currents and magnetic fluctuations do not significant influence E Â B flows. The dipole magnetic fieldline geometry, B ¼ r' Â rc , defines a coordinate system of magnetic flux c and azimuthal angle '. In this representation, the crossfield flux-tube velocity evaluated at the equatorial plane of the dipole is
The flux-tube integrated continuity equation is incompressible, and given as
Numerical solutions of Eq. (2) Refs. [8, 10] . The two-dimensional curl of the flux-tube motion is equal to the two-dimensional Laplacian of È, which defines the vorticity for the motion of entire flux tubes. The instantaneous radial flux of flux-tube-integrated particle number is expressed as À c ¼Ñ@È=@' ¼ ÀÑLẼ ' , proportional to the azimuthal variation of the electric potential, LẼ ' . The radial motion of plasma fluxtubes is related to the radial flux of particles in geometric coordinates by À r ¼ ÀÀ c =LBV. À r can be compared to local probe measurements. The term hSi on the right-hand side of Eq. (2) embodies the net flux-tube integrated sources and sinks of plasma at their respective spatial and temporal scales.
The polar probe array is distributed evenly in magnetic flux coordinates, simplifying the computation of spatial derivatives. A complete Fourier basis decomposition in flux coordinates is used to expand the time-varying electrostatic potential into spatial harmonics, each with their respective time-varying amplitudes [22] . The potential is represented as Èð'; c ; tÞ ¼ P m;n È m;n ð'; tÞ sinðnc Ã Þ, where È m;n ¼ A m;n ðtÞ sinðm'Þ þ B m;n ðtÞ cosðm'Þ þ C n ðtÞ (3) and where c Ã ¼ ðc À c min Þ=ðc max À c min Þ. The radial variation of the potential was chosen to match the boundary conditions at the magnet of Èð'; c max Þ ¼ 0 and at the chamber wall of Èð'; c min Þ ¼ 0, which are both grounded. The coefficients A m;n ðtÞ and B m;n ðtÞ contain the azimuthal variation of the potential. These amplitudes (in Volts), are time-varying quantities. The amplitude of the axisymmetric flow pattern is contained in C n ðtÞ, and does not contribute to radial particle flux. By using a finitedifference representation of the density time evolution and spatial derivatives, and substituting the basis function expansion Eq. (3) into Eq. (2), a system of equations for the coefficients A m;n , B m;n , C n can be formed and solved in a least-squares sense. The large-scale structure of the electrostatic potential is computed for each time slice in the digitized record. Figure 4 shows one example of the time evolution of the density and potential structure obtained using the flux-tube velocimetry algorithm. The time evolution shows a large density perturbation rotating azimuthally with initially no closed potential contours. After 40 s the density structure separates in two, with one part transported into the high flux region and the other part continues to rotate azimuthally. The potential structure at 40 s begins to develop closed contours around the azimuthally rotating part of the density perturbation, and an open contour on the other part that is transported to the high field region. At 64 s, the azimuthal phase difference between the density and potential perturbation is near zero. The particle flux calculated for the same time slices in shown in Fig. 5 . The radial particle flux agrees with the observed motion of the density perturbation. An important observation is that the radial flux is intermittent on the time scale of one azimuthal rotation of the structure around the device. In Fig. 5(c) , we show the computed flux at 64 s. The flux at this time instant is much reduced compared to the flux at 40 s. When the potential contour is approximately centered about the density perturbation, an eddy is formed which exhibits particle circulation with little net radial particle transport. The observation of intermittency in the amplitude of the radial particle transport is consistent with the chaotic nature of the fluctuations [9] ; indeed the illustrated dynamics in Figs. 4 and 5 are typical and not extraordinary.
The relative phase between density and potential fluctuations determines the magnitude of the transport. A phase shift of =2 between the two fluctuating quantities results in maximum radial flux, as seen in Fig. 5(b) . When the phase shift is near zero or , then there is little net transport The simultaneous measurement of density and potential by internal probes on a magnetic fieldline can reveal the sign and magnitude of the local radial particle transport by E Â B. The observation of convective transport and the intermittency of this transport is consistent with local Langmuir probe measurements. The local radial particle flux, À r , measured by a potential probe and Langmuir probe at L ¼ 60 cm and on the same magnetic fieldline in the plasma provides a local measurement of the radial particle flux [23] . Withñ andÈ being the fluctuating density and potential, k ' $ m=L defined as the azimuthal wave number of the potential, ñ ;È the average coherence, and ñ ;È the average phase, then À r ¼ñṽ r 1 nÈ k ' ðñ ;È =BÞ sinñ ;È . Figure 6 compares the time-and azimuthal-angleaveraged radial particle flux calculated by the multipoint reconstruction method with the local particle flux obtained by local probe measurements. Also shown is the probability density function for the density fluctuations displaying intermittency by their skewed-Gaussian character. The local probe measurement gives a time-averaged transport rate of À r;local % 1-3 Â 10 17 m À2 s À1 towards the vessel wall. The azimuthally averaged particle flux hÀ c i ' evaluated at the same radial location agrees with local transport measurements of hÀ c i ' =LBV % 2 Â 10 17 m À2 s À1 . While both time-averaged measurements agree numerically, the local measurement does not elucidate the large-scale dynamics by which particles are transported, or indicate whether the particle transport is dominated by small-scale diffusive processes or by large-scale vortex motion.
The time-averaged radial flux is comparable to the quasilinear diffusive flux as described by Ref. [3] . Azimuthal averaging of Eq. (2) gives the quasilinear transport of plasma flux tubes as À c ¼ ÀD c @hNi=@c , with a quasilinear diffusion coefficient defined in terms of the autocorrelation time, c , of the fluctuating azimuthal electric field,
At L ¼ 60 cm the correlation time is c % 100 s and the rms electric field is hE 2 ' i % 34 V 2 =m 2 . The diffusion coefficient is then D c ¼ 0:001-0:002 ðVsÞ 2 =s. Since the measurement of the time-averaged density profile is hNi $ L À1=2 , the quasilinear diffusion of flux tubes agrees with the time average of the measured local particle flux, À r % 10 17 m À2 s À1 . The measurements described in this Letter identify a confined plasma maintained near marginal stability in the presence of low-frequency interchange turbulence. Measurements of plasma density and potential show the existence of long wavelength convective cells, with radially broad and low-order azimuthal mode numbers, m ¼ 1 and 2, with short correlation times. By measuring the density evolution at multiple points across the entire plasma and inverting the flux-tube continuity equation to infer the electrostatic potential, the particle transport associated with the large-scale convective potential structures has been measured for the first time. The particle flux is in good agreement with local measurements obtained by conventional techniques. The instantaneous particle transport is intermittent, and the detailed time evolutions of the perturbed flux-tube number,Ñ, and potential,È, indicate that convective transport dominates in the dipole configuration. A key remaining question is whether convective structures will be present and dominate the transport of fusion scale dipole systems [1] .
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